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A B S T R A C T   
The Z-phase (CrVN) precipitation in a 9% Cr–3% Co martensitic steel during creep at 923 K and 948 K has been 
investigated with aim to establish the effect of temperature on the nucleation mechanism of these particles and 
their coarsening behavior. Ostwald ripening of VX carbonitrides strongly affects these processes. An increase in 
creep temperature significantly accelerates the transformation of the nanoscale MX carbonitrides into the Z- 
phase particles causing the Z-phase nucleation in a shorter time. Two different mechanisms of the Z-phase 
precipitation have been observed. Firstly, for creep tests at 923 K and 948 K with creep rupture time longer than 
2000 h, the formation of the stable Z-phase particles with a tetragonal lattice occurs through in-situ trans-
formation of a cubic lattice of the MX carbonitrides leading to a continuous flux of Cr atoms from the ferritic 
matrix into these particles. The coarsening Z-phase occurs at the expense of dissolution of VX carbonitrides. 
Secondly, for creep test at 948 K with duration of 773 h, the strain-induced metastable Z-phase with the cubic 
lattice nucleates on the V-rich MX/ferrite interfaces with following transformation into the stable Z-phase with 
the tetragonal lattice under creep testing with longer duration. Concurrently, extensive coarsening Cr-rich VX 
carbonitrides occurs independently. As a result, coarsening Z-phase leads to insignificant dissolution of VX 
carbonitrides. The creep strength breakdown appearance is not related to the formation and/or coarsening of the 
Z-phase at both temperatures.   
1. Introduction 
Nine to 12% Cr martensitic steels are used as materials for main 
steam pipe lines, tubes of boiler superheaters in the fossil-fired power 
plants operating at a steam temperature ranging from 853 to 873 K and a 
steam pressure of 250 bar [1–4]. The use of these materials for 
ultra-supercritical (USC) power plants with a steam temperature ≥873 K 
and a steam pressure ≥ 250 bar is limited by microstructural instability 
of these steels [1–3,5]. Improvement of the creep strength of the 9–12% 
Cr steels is attained by modification of their chemical composition by 
addition of Co [1,2,4–11], which hinders the coarsening of the boundary 
particles and climb of the lattice dislocations [1,4,6,12]. The modifica-
tion of P92 steel by 3 wt% Co enhanced the creep resistance at 923 K 
from 72 MPa [13] to 85 MPa [6,14] predicted through the Larson-Miller 
parameter. 
The MX carbonitrides play a crucial role in superior creep strength of 
the 9–12% Cr steels precipitating within ferritic matrix during heat 
treatment and contributing to the dispersion hardening and stability of 
the tempered martensite lath structure (TMLS) under exploitation 
conditions [1,15–20]. The MX carbonitride has a face-centered cubic 
lattice with a parameter ranging from 0.4139 to 0.4470 nm depending 
on the chemical composition [1,5]. However, MX carbonitride is an 
unstable phase and should be replaced by the stable Z-phase (Cr(V,Nb) 
N) during long-term exposure in the temperature range of 873–973 K 
[15–41]. The disappearance of the fine MX carbonitrides can lead to 
recovery of the TMLS in the vicinity of prior austenite grain boundaries 
that abruptly drops the creep strength [16,18,19,22,30]. 
There is a distinct difference between kinetics, driving forces, and 
transformation mechanisms of the MX→Z-phase transformation in the 
9% Cr and 11–12% Cr steels [6,9,16–19,23,29–31,37,41–43]. The for-
mation of Z-phase results in the creep strength breakdown appearance in 
the 11–12% Cr steels [16,18,19,33,35,36,42]. In contrast, this trans-
formation is unimportant for the creep strength breakdown in the 9% Cr 
steels [1–6,16–19,34,37,42]. A decrease in the creep strength with 
increasing rupture time is attributed to the evolution of other secondary 
phase particles in these materials [1–6,16–19,44,45]. 
Two types of the Z-phase were revealed in the 9–12% Cr steels: (1) 
the metastable Z-phase having a face-centered cubic lattice with a 
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parameter of 0.404 nm and (2) the stable Z-phase having a tetragonal 
distortion of body-centered cubic lattice with double layers of similar 
atoms alternating along the c axis to give an … AABBAABB … sequence 
[23–25,31,36–39]. The Z-phase particles negatively affect the creep 
strength if the size of these particles is significantly larger than that of 
the MX carbonitrides that leads to the increase in the inter-particle 
spacing of the Z-phase and elimination of the dispersion hardening 
due to these particles [16,17,35,40]. The interface between the coarse 
Z-phase and the matrix can serve as a nucleation site of creep void [18]. 
Strain and/or stress stimulate the Z-phase precipitation during creep 
and/or ageing exposure [16,37]. However, if the sizes of the Z-phase and 
MX carbonitrides are comparable, the Z-phase particles can positively 
affect the creep strength as MX carbonitrides [5,12,18,19,30–32,37,41]. 
Two types of the nucleation mechanisms were reported for the Z- 
phase particles in the 9–12% Cr steels [23–25,28–31,35,38,39,41]. The 
first type of the nucleation mechanism is the Z-phase formation through 
in situ transformation of the face-centered cubic crystal lattice of MX 
carbonitrides [23–25,28–31,33,37–39]. This nucleation mechanism is 
the main mechanism of the Z-phase formation, which is observed in the 
11–12% Cr steels, and leads to the formation of the coarse particles of 
this phase [23,26–33,35,37]. The second type of the nucleation mech-
anism is the nucleation on the surface of the primary NbX carbonitrides 
[23,28–31,35] or the secondary VX carbonitrides [37]. This nucleation 
mechanism of the Z-phase is rarely observed and usually leads to the 
formation of the nanoscale Z-phase particles [23,28–31,35,37]. More-
over, the nucleation mechanism of the Z-phase depends on the Cr con-
tent [29,30,33]; strain and/or stress can also change the nucleation 
mechanism during creep and/or ageing exposure [37]. Superposition of 
these nucleation mechanisms can lead to avalanche-like growth of the 
Z-phase particles [37]. Creep and/or ageing temperature as well as Cr 
content determine the coarsening rate of Z-phase and dissolution of MX 
carbonitrides [29,30]. In the previous study [37], we considered the 
effect of strain on the precipitation of Z-phase in the Co-modified 9% Cr 
steel. In the present work, we will pay attention to the effect of creep 
temperature on the nucleation mechanism and coarsening behavior of 
the Z-phase particles. Thermodynamics and kinetics of the Z-phase 
nucleation and growth will be considered in details to provide a deep 
insight to the role of this phase in the creep resistance of the high Cr 
steels. 
2. Experimental 
A 3 wt% Co-modified P92-type steel (9% Cr–3% Co) with chemical 
composition (in wt%) of Fe (bal.)–0.12C-9.5Cr–3.2Co–2.0W- 
0.45Mo–0.06Si–0.2Mn-0.1Ni–0.2V–0.06Nb–0.05N–0.005B was pre-
pared by air melting. Square bars with a 13 × 13 mm2 cross-section were 
hot forged in the temperature range from 1423 K to 1173 K. This steel 
was subjected to solution treatment at 1323 K for 30 min, air cooled, 
followed by normalizing and finally tempered at 1023 K for 3 h. Flat 
specimens with a 25 mm gage length and a 7 × 3 mm2 cross section were 
crept until rupture at 923 K under the applied stresses of 140, 160 and 
180 MPa and at 948 K under the applied stresses ranging from 80 to 180 
MPa with a step of 20 MPa. Cylindrical specimens with a 100 mm gage 
length and a 10 mm diameter were crept until rupture at 923 K under the 
applied stresses of 120 and 100 MPa. 
The structural investigations were carried out in the portions of 
gauge length with uniform elongation of the crept specimens. The 
microstructural characterization was performed using a JEM-2100 
transmission electron microscope (TEM) equipped with an INCA en-
ergy dispersive X-ray spectroscope (EDS). The TEM specimens were 
prepared by electro-polishing at room temperature using a solution of 
10% perchloric acid in glacial acetic acid with Struers Tenupol-5 
polisher. In addition, carbon extraction replicas were used to clarify 
the chemical composition of dispersoids to avoid matrix effects when 
obtaining EDS spectra. Before replication, the specimen surface was 
mechanically polished followed by etching with a solution of 10% 
hydrochloric acid in ethanol. The size distribution and mean radius of 
the secondary phase particles were estimated by counting at least 50 
particles on at least 6 arbitrarily selected typical TEM images for each 
data point. The precipitates were identified by a concurrent analysis of 
the EDS measurements and electron diffraction patterns. The particle 
coarsening kinetic was calculated using Prisma-software on the base of 
Calphad Database Calculation with the kinetic MOBFE1 and thermo-
dynamic TCFE6 databases. The time dependencies of the mean radius 
were determined for MX carbonitride (FCC) and CrVN particles 
assuming the simultaneous growth of these phases; dislocations acted as 
a nucleation site. Other details of structural characterization and spec-
imen preparation were reported previously [6,12,46–51]. 
3. Results 
3.1. MX carbonitrides after tempering 
Microstructural characteristics of the 9% Cr–3% Co steel were re-
ported in the previous works in detail [6,34,37,50,51]. In the present 
study, we summarized the most important features of TMLS. The mean 
transverse size of the martensitic laths was about 400 nm. High dislo-
cation density of 2 × 1014 m− 2 was observed within the martensitic 
laths. The round Cr-rich M23C6 carbides with a mean size of 90 nm 
decorated the high-angle boundaries of prior austenite grains, block and 
packet boundaries as well as the low-angle lath boundaries. The Nb-rich 
and V-rich MX carbonitrides with a mean size 40 nm and 20 nm, 
respectively, were homogeneously distributed in ferritic matrix [6,34, 
37,50,51]. 
3.2. Creep tests at 923 K and 948 K 
Fig. 1a demonstrates the creep rupture data of the 9% Cr–3% Co steel 
at the temperatures of 923 K and 948 K. Under the low applied stresses 
(lower than 140 MPa), the well-defined creep strength breakdowns [6, 
34,50] were observed for both temperatures. As the creep temperature 
increased from 923 to 948 K the creep strength breakdown appearance 
shifted to shorter duration from ~2000 h to ~800 h (Fig. 1a). Moreover, 
the slopes of both curves at different temperatures were the same for 
ranges of the high and low applied stresses (Fig. 1a). Well-defined linear 
dependences between the applied stress and the minimum creep rate 
were revealed at two temperatures (Fig. 1b). The experimental data 
obeyed a power law relationship of the usual form [1,6,52,53]: 





, (1)  
where ε̇min is the minimum creep rate, σ is the applied stress, Q is the 
activation energy for a plastic deformation, R is the gas constant, T is the 
absolute temperature, A is a constant, and n* is the “apparent” stress 
exponent. 
These plots provided the best linear fit with a regression coefficient 
of 0.99 for n* = 12 for 923 K and the whole applied stress interval. At 
948 K, two power-law relationships were characterized by the stress 
exponent of 5.5 and 15 in the applied stresses ranging of 80–120 and 
120–180 MPa, respectively, with a regression coefficient of 0.99 for 
these two intervals. At this temperature, the creep strength breakdown 
(Fig. 1a) correlates with the power-law creep breakdown (Fig. 1b), while 
at 923K, no decrease in the apparent n* value attributed to creep 
strength breakdown occurred [6]. At 923 K, the steady-state creep was 
controlled by the same process at a creep rate ranging from 10− 6 to 
10− 10 s− 1, while at 948 K, the different mechanisms controlled creep 
behavior at the applied stresses less and higher than 120 MPa. 
The creep rate vs. time and strain curves at 923 K and 948 K for some 
applied stresses (80, 100 and 120 MPa), at which the Z-phase formation 
has been observed (Fig. 2), are shown in Fig. 1c–f. The main creep 
characteristics are summarized in Table 1. An increase in the creep 
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temperature:  (1) increased the total creep strain from 4-6% to 12–20% and strain 
to minimum creep rate from 0.7-1.4% to 1.2–1.8% (Fig. 1e and f);  
(2) increased the minimum creep rate from 10− 10 to 10− 8 s− 1 for the 
applied stress of 120 MPa and from 10− 10 to 10− 9 s− 1 for the 
applied stress of 100 MPa (Fig. 1c–f); 
Fig. 1. Time to rupture vs. stress curves (a) and stress vs. minimum creep rate curves (b) at 923 K and 948 K and different stresses from 180 to 80 MPa; creep rate vs. 
time (c,d) and creep rate vs. strain (e,f) curves at 923 K (c,e) and 948 K (d,f) and different stresses ranging from 80 to 120 MPa, at which the Z-phase appearance has 
been revealed. 
Fig. 2. Time-temperature-transformation diagram for the Z-phase particles: 
black circles indicate the presence of the Z-phase particles and crosses indicate 
the absence of these particles. 
Table 1 
Creep characteristics of 9% Cr–3% Co steel at 923 K and 948 K.  











Rupture time, h 4869 11151 773 2084 8951 
Total creep strain, % 4.4 5.6 15 19 12 










Creep strain to minimal 
creep rate, % 
1.4 0.7 1.8 1.6 1.2 
Time to minimal creep rate, 
% 
2064 2724 322 892 1502 
The slope of the curve in 
creep acceleration region 
(dlnε̇/dε)  
116 114 47 44 33 
Reduction in area, % 43 45 72 69 70 
The “apparent” stress 
exponent, n 
12 5.5  
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(3) increased the reduction in area from 43-45% to 69–72% 
(Table 1). 
Numbers in Fig. 1e and f indicate the slopes of the curves in the 
transient and tertiary creep regions (dlnε̇/dε) estimated using the 
method suggested in Ref. [54], where ε̇ and ε are the creep rate and the 
creep strain, respectively. It is known [7,54–57] that this parameter, 
dlnε̇/dε, well describes the kinetics reaction under transient and tertiary 
creep stages. The dependence of the creep rate on the strain in the ac-
celeration region is described as [54]: 
ε̇= ε̇0exp(nε)exp(mε)exp(dε)exp(iε) (2)  
dlnε̇ / dε = n + m + d + i (3)  
where ε̇0 is the initial creep rate, n is the stress exponent from Eq. (1) and 
is 12 or 5.5 for the applied stresses ranging of 100–120 MPa and 80–120 
MPa at 923 K and 948 K, respectively, m is the microstructure degra-
dation parameter, d is damage parameter due to the creep voids, and i 
describes the localized creep deformation [54] and can be estimated 
using reduction in area (Table 1) that comprises 43–45% for 923 K and 
69–72% for 948 K. As suggested in Ref. [54], parameter d is neglected 
because there is no evidence of cavitation at both temperatures. Tran-
sient creep behavior was nearly independent on temperature (Fig. 1e 
and f). Therefore, dlnε̇/dε resulted from the parameters n, m and i and 
comprised 114–116 for 923 K and 33–47 for 948 K for the whole applied 
stress interval, at which the Z-phase formation was observed (Fig. 2). At 
923 K and applied stress ranging from 100 to 120 MPa, the d lnε̇/ ε 
values were typical for long-term creep of the high chromium 
martensitic steels [8,57] and indicative for a high rate of kinetic re-
actions. A decrease in the applied stress highly accelerates the kinetics 
reaction [8,57]. At 948 K and applied stress ranging from 80 to 120 MPa, 
the d lnε̇/ε values were typical for short-term creep of the high chro-
mium martensitic steels; slowing down of kinetic reaction under tertiary 
creep was observed [8,57]. 
3.3. Evolution of the MX carbonitrides during creep at 923 K 
Fig. 2 demonstrates the creep conditions, at which the Z-phase for-
mation has been revealed. Significant coarsening of the VX carbonitrides 
and their transformation into the Z-phase particles occurred under creep 
conditions at both temperatures. Fig. 3 shows the onset of MX→Z-phase 
transformation at 923 K after 4869 h under the applied stress of 120 MPa 
(Fig. 3a–c) and the growth of VX carbonitrides up to 70 nm and devel-
opment their transformation to Z-phase particles through the formation 
of “hybrid” particles after 11 151 h under the applied stress of 100 MPa 
(Fig. 3d–f). The irregular Z-phase particles (CrVN) with a tetragonal 
lattice with lattice parameters a = 0.286 and c = 0.739 nm (Fig. 3a–c) 
exhibited an average chemical composition of metallic part of 50 wt% 
(Cr + Fe) and 50 wt% (V + Nb) (Fig. 4a). These particles were found 
near VX carbonitrides or in contact with them in the form of “hybrid” 
particles, which consisted of V-rich and Cr-poor “core” with the cubic 
lattice and Cr-rich “rim” with the tetragonal lattice and corresponding 
chemical compositions (Fig. 3a and b, 4). No evidence of the formation 
of the Z-phase with the cubic lattice at 923 K was observed. The mean 
particle sizes of the VX carbonitrides and Z-phase were 62 and 59 nm, 
respectively (Table 2). 
Figs. 5 and 6 demonstrate particle size distributions of VX carboni-
trides and Z-phase, respectively, at different temperatures. At 923 K/ 
120 MPa, the particle size distribution showed no evidence of the Z- 
phase particle presence with sizes smaller than that of VX particles 
(Figs. 5a and 6a). The number ratio of the Z-phase particles and VX 
carbonitrides was 1: 6 (Table 2). An increase in the creep time up to 11 
151 h (the applied stress of 100 MPa) led to an increase in the fraction of 
the coarse particles with sizes ranging from 120 to 180 nm increased 
(Fig. 5b) that provided full dissolution of very fine particles with sizes 
smaller than 30 nm. The mean size of the VX carbonitrides increased to 
70 nm (Table 2). The complete dissolution of fine VX particles also 
increased the portion of the particles with sizes ranging from 50 to 100 
nm. These VX carbonitrides were susceptible to transformation into Z- 
phase through the formation of “hybrid” particles. On the other hand, 
the coarse VX particles carbonitrides with sizes about 100 nm were the 
most resistant to transformation into the Z phase (Fig. 5b). The number 
ratio of the Z-phase particles and VX carbonitrides was 1 : 1 (Table 2). 
Moreover, after this creep rupture test, a 50% of initial number of the VX 
particles remained in the structure of the 9% Cr–3% Co steel. The 
average size of the Z-phase particles significantly increased up to 200 nm 
(Table 2), wherein the fraction of the particles with sizes greater than 
100 nm was 75% of the total amount of particles (Fig. 6b). Fast growth 
of Z-phase particles up to 200 nm leads to dissolution of nanoscale VX 
carbonitrides. The coarse Z-phase particles with a “hybrid” structure 
Fig. 3. Bright-field TEM image of carbon replica from crept samples after creep test at 923 K and 120 MPa (a,b) and electron diffraction patterns from the V-rich MX 
particle and Z-phase particle (c) and from crept samples after creep test at 923 K and 100 MPa (d,f) and electron diffraction patterns from the V-rich MX particle and 
Z-phase particle (e). Circles in (b) and (d) indicate the places, where the electron diffractions were taken from. 
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coexisted with the VX carbonitrides. The average chemical composition 
of the Z-phase particles was 50 wt% (Cr + Fe) and 50 wt% (V + Nb), 
whereas the fraction of vanadium and niobium in the VX carbonitrides 
decreased (Fig. 4b). 
The chemical composition of the NbX carbonitrides insignificantly 
changed during creep at both temperatures (Fig. 4). No evidence of 
coarsening of these particles or their transformation into Z-phase during 
creep at 923 K and 948 K was revealed (Figs. 3 and 7). 
3.4. Evolution of the MX carbonitrides during creep at 948 K 
Fig. 7 shows the formation of Z-phase at 948 K. Under creep testing at 
948 K and the applied stress of 120 MPa, the time to rupture of 774 h, the 
sufficiently fine Z-phase particles with a cubic lattice were found on the 
VX/ferrite interfaces (Fig. 7a–c). An increase in the creep rupture time to 
2084 h (the applied stress of 100 MPa) led to the appearance of two 
significant changes in the Z-phase (Fig. 7d–f). Firstly, the metastable Z- 
phase particles with the cubic lattice nucleated on the VX/ferrite 
interface transformed into the thermodynamically stable Z-phase with 
the tetragonal crystal structure; the mean size of these particles was 41 
nm (Fig. 7d–f and Table 2). Secondly, separate Z-phase particles with a 
tetragonal lattice formed through “hybrid” particles were also revealed 
(Fig. 7f). These separate Z-phase particles were coarser than those 
formed on the VX/ferrite interface; their average size was about 65 nm 
(Fig. 7f). Coarsening of the VX carbonitrides because of dissolution of 
the fine particles occurred together with their transformation into the Z- 
phase particles. A further increase in the creep time up to 8951 h (creep 
rupture time under the applied stress of 80 MPa) led to a significant 
coarsening of the VX particles to 85 nm and the Z-phase to 142 nm 
(Fig. 7g–i and Table 2). The chemical compositions of the Z-phase par-
ticles having the cubic lattice and the tetragonal lattice were similar 
(Fig. 4). 
The particle size distribution (Fig. 5c) showed that after creep test at 
948 K/120 MPa, the average size of the VX carbonitrides increased to 46 
nm, wherein both the fine particles with sizes below than 30 nm and the 
large particles with sizes greater than 100 nm were revealed. In contrast, 
the average size of the Z-phase particle was much smaller than VX 
carbonitrides and comprised 28 nm (Table 2), wherein the fraction of 
the particles with sizes below than 30 nm was about 60% (Fig. 6c). The 
number ratio of the Z-phase particles and VX carbonitrides was 1 : 9 
(Table 2). After creep test at 948 K/80 MPa, the fraction of the VX 
particles with sizes greater than 100 nm increased to 35% (Fig. 5e). The 
fraction of the Z-phase particles with sizes greater than 100 nm was 85% 
of the total amount of particles (Fig. 6e). The number ratio of the Z- 
phase particles and VX carbonitrides was 1 : 6 after 8951 h of creep. The 
coarsening of VX carbonitrides becomes the main mechanism of 
microstructural degradation. 
Thus, at 948 K, hindering in situ MX→Z-phase transformation retains 
the significant portion of VX carbonitrides instead of their trans-
formation into Z-phase even after high rupture times. 
4. Discussion 
4.1. MX → Z-phase transformation during creep at 923 K and 948 K 
Two different nucleation mechanisms are realized in the 9% Cr–3% 
Co martensitic steel during creep at temperatures of 923 K and 948 K. 
The first nucleation mechanism is in-situ transformation of the cubic 
lattice of V-rich MX carbonitrides into Z-phase with tetragonal lattice 
starting from rim zone of VX particles and towards their core through the 
Fig. 4. The chemical compositions of the NbX, VX and Z-phase particles after different creep conditions: (a) 923 K/120 MPa, (b) 923 K/100 MPa, (c) 948 K/120 MPa, 
(d) 948 K/100 MPa, (e) 948 K/80 MPa. 
Table 2 
The VX and Z-phase size and number ratio of VX: CrVN.  
Creep 
condition 












Mean size of 
VX, nm 
62 70 46 59 85 
Mean size of 
CrVN, nm 
59 200 28 41 142 
VN: CrVN 6 : 1 1 : 1 9 : 1 6 : 1 6 : 1  
A. Fedoseeva et al.                                                                                                                                                                                                                              
Materials Science & Engineering A 799 (2021) 140271
6
formation of «hybrid » VX + Z-phase particles (Figs. 3 and 7d-e) [23–25, 
29–31,33,35,38,39,41]. The sequence of the Z-phase formation ac-
cording to the first mechanism can be written as (4):  
VX carbonitride→ «hybrid » VX + Z-phase particle → Z-phase with a 
tetragonal lattice                                                                              (4) 
The interactions between dislocations and VX carbonitrides led to 
the creation of additional short-circuit diffusion paths for solutes, such 
as Cr and V. An incorporation of Cr atoms into cubic lattice of VX car-
bonitrides at rim zones provoked the formation of Cr-rich rim of Z-phase 
along periphery of VX particles that posturized the distortion of cubic 
lattice with double layers of similar atoms alternating along the c axis to 
give a … CrCrVVCrCrVV … sequence [23–30,35,38,41]. Such mecha-
nism is observed under creep testing at 923 K and rupture time longer 
than 4500 h and at 948 K and rupture time longer than 2000 h. 
The presence of the Z-phase particles smaller than the VX carboni-
trides, which is shown in Fig. 5c–e and 6c-e, indicates the Z-phase 
nucleation occurred through another way. The Z-phase with the cubic 
lattice nucleates on the V-rich MX/ferrite interfaces with the following 
transformation into the Z-phase with the tetragonal lattice under creep 
testing at 948 K and rupture time of 773 h. The sequence of the Z-phase 
formation according to the second mechanism can be written as (5):  
VX/ferrite interface→ Z-phase with a cubic lattice → Z-phase with a tetragonal 
lattice                                                                                            (5) 
The Z-phase with the cubic lattice with a parameter of ~0.404 nm 
was metastable phase which was transformed into the thermodynami-
cally stable Z-phase with a tetragonal lattice with the parameters of a =
0.286 nm and c = 0.739 [14–16,19,21,26–29]. The Z-phase growth is 
accompanied with the dissolution of the fine VX particles (Fig. 5d) [8, 
28]. 
The change in the nucleation mechanism of the Z-phase from direct 
in-situ transformation of the cubic lattice of the V-rich MX carbonitrides 
into the Z-phase with the tetragonal lattice to nucleation of the Z-phase 
on the VX/ferrite interface may be related to an increase in the Cr 
content [28–30,33] or creep/strain effect in the 9–12% Cr steels [37]. 
However, the dependence of nucleation mechanism on the creep tem-
perature is not mentioned yet [16–19,21–38,41]. As mentioned in Refs. 
[22–31,33], the gradual rearrangement of the face-centered cubic lattice 
of the VX particles into the tetragonal lattice of the Z-phase provides the 
formation of the large Z-phase particles and full disappearance of the 
V-rich MX carbonitrides; the 9–12% Cr steels lose their creep resistance 
after creep tests lasting more than 10 000 h [16–19]. These obtained 
results are in accordance with literature data [22–31,33]. The first 
mechanism leads to the fast growth of Z-phase particles up to 200 nm, 
which comprise 55% of all Z-phase particles at 923 K (Figs. 6b) and 25% 
of all Z-phase particles at 948 K (Fig. 6e). 
High driving force for precipitation of the Z-phase allows reducing 
the critical size and the energy barrier for nucleation [58]. The driving 
forces for the bulk Z-phase are summarized in Table 3. These values are 
close to ones reported by H.K. Danielsen et al. [27]. Values of volume 
interdiffusion coefficient of Cr [59] and V [60] are also shown in 
Table 3. At 948 K, the driving force for the formation of Z-phase is less by 
~19%, while Cr diffusivity is higher by a factor of 35 in comparison with 
923 K (Table 3). The lattice diffusion of Cr is the slowest process in situ 
transformation mechanism and, therefore, diffusion flux of Cr solutes 
controls the MX→Z-phase reaction. As a result, the highest rate of this 
transformation is attained at 873 K for the 9% Cr steels and 923 K for the 
11–12%Cr steels [5,23,29,30,33,37]. The diffusion of Cr solutes leads to 
increasing Cr content in MX carbonitrides (Fig. 4) and, therefore, this 
process increases Gibbs energy of these dispersoids. The replacement of 
first nucleation mechanism by second one strongly hinders the forma-
tion of Z-phase and refines their sizes. Dimensions of VX and Z-phase 
become nearly the same (Table 2). The occurrence of precipitation 
Fig. 5. Size distributions of the V-rich MX carbonitrides after different creep conditions: (a) 923 K/120 MPa, (b) 923 K/100 MPa, (c) 948 K/120 MPa, (d) 948 K/100 
MPa, (e) 948 K/80 MPa. 
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sequence (5) could be attributed to low critical nucleus size for nucle-
ation of cubic Z-phase due to coherency of the Z-phase/ferrite and 
Z-phase/MX interfaces. The Z-phase with the cubic lattice exhibits a 
parameter of ~0.404 nm that is slightly lower than the VN lattice 
parameter [30]. This parameter provide a very low misfit of 2.3% be-
tween cubic lattice of this metastable precursor phase for tetragonal 
Z-phase and ferrite and, therefore, coherency of cubic Z-phase/ferrite 
interfaces. In addition, decreased driving force for Z-phase formation 
slows down the replacement of fine V(C,N) by fine Z-phase particles 
since difference in Gibbs energy between two phases with nearly the 
same dimensions becomes insignificant. In the same time, cubic 
Z-phase→ tetragonal Z-phase transformation promotes dissolution of the 
fine VX particles (Figs. 5 and 6). 
4.2. Effect of temperature on the Z-phase coarsening 
The coarsening behavior of spherical particles controlling by lattice 
diffusion in presumption that there are no elastic interactions (the Z- 
phase and VX particle exhibit no coherent stress) is described by Lifshitz- 
Slyozov-Wagner (LSW) equations [61–66] (Eqs. (6)–(8)):  


















)2 (7)   
Kp = K0exp(-Q/RT)                                                                          (8) 
where Kp is the coarsening rate constant; d and d0 are the current and 
initial particle sizes, respectively; t and t0 are the current and initial time, 
respectively; the growth exponent n = 3 is attributed to lattice diffusion; 
K0 is the preexponential constant; Q is the apparent activation energy for 
particle growth; R is the gas constant and T is the absolute temperature. 
DαV/Cr is diffusivity of V or Cr in ferrite, γ is the interfacial energy, 
VVX/Z− phasem is the molar volume of the VX or Z-phase, X
VX/Z− phase
α (∞) is the 
composition of the α-ferrite in equilibrium with a spherical VX or Z- 
phase of composition XαVX/Z− phase(∞) across a flat interface d = ∝ce. Note 
that the initial state/time for the VX particles corresponds to tempering 
state (3 h) and d0 comprises 20 nm; the initial state/time for Z-phase 
corresponds to time, when the first Z-phase particles were observed 
(Fig. 2), and d0 comprises 15 nm for 4869 h of creep test at 923 K 
(Figs. 6a) and 15 nm for 773 h of creep test at 948 K (Fig. 6c)). 
Fig. 8 demonstrates the temperature dependence of the particle sizes. 
Ostwald ripening of both phases is described by Eq. (6) with high ac-
curacy. The coarsening rate constants, Kp, for the VX carbonitrides 
comprise 5.13 × 10− 30 and 1.85 × 10− 29 m3 s− 1 for 923 K and 948 K, 
respectively (Fig. 8a). So, an increase in the creep temperature accel-
erates the Ostwald ripening of VX carbonitrides by a factor of ~28 
because of the dissolution of the fine VX particles (Fig. 5) that can 
attributed to accelerated diffusivity of V and Cr in the ferrite (Table 3). 
The coarsening rate constants, Kp, for Z-phase particles comprise 3.45 ×
10− 28 and 1.01 × 10− 28 m3 s− 1 for 923 K and 948 K, respectively 
(Fig. 8b). So, a decrease in the growth rate of the Z-phase at 948 K is in 
accordance with the fact that the Z-phase precipitation rate seems to be 
the highest at 873 K for the 9% Cr steels [25,29]. As Eq. (8) is expressed 
in the form:  
lnKp = lnK0 – (Q/R) (1/T)                                                                 (9) 
the apparent activation energy Q for the particle growth can be esti-
mated from the gradient of the Arrhenius plot of lnKp vs. (1/T). The 
numerous studies carried on the kinetics of the Z-phase precipitation 
have revealed that their rate-controlling mechanism is the bulk diffusion 
of Cr atoms [23–31]. The apparent activation energy for this process is 
Fig. 6. Size distributions of the Z-phase particles after different creep conditions: (a) 923 K/120 MPa, (b) 923 K/100 MPa, (c) 948 K/120 MPa, (d) 948 K/100 MPa, 
(e) 948 K/80 MPa. 
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about 355 kJ mol− 1 that is close to the activation energy for volume 
diffusion of chromium in α-Fe (306 ± 29 kJ mol− 1 for 9CrMoV steel at 
870–1078 K [59]). Moreover, the apparent activation energy for growth 
of the VX carbonitrides comprises 378 kJ mol− 1 that is also similar with 
the activation energy for volume diffusion of chromium in α-Fe [59]. So, 
the growth rates of both VX carbonitrides and Z-phase are determined by 
the volume diffusion of Cr atoms. 
4.3. Effect of creep temperature on the interfacial energy of VX 
carbonitrides and Z-phase 
The growth particle rate strongly depended on the interfacial energy 
between particles and matrix. The interfacial energy values for the VX 
carbonitrides and Z-phase are rarely found in the literature [21,32,46]. 
The MX carbonitrides have a lattice parameter ranging from 0.414 nm to 
0.447 nm depending on their chemical compositions and exhibit the 
Baker-Nutting (cube-on-edge) orientation relationship [1,26,29,32,37, 
Fig. 7. Bright-field TEM image of carbon replica from crept samples after creep test at 948 K and 120 MPa (a,c) and electron diffraction patterns from the Z-phase 
particle (b); from crept samples after creep test at 948 K and 100 MPa (d,f) and electron diffraction pattern from the V-rich MX particle and Z-phase particle (e) and 
from crept samples after creep test at 948 K and 80 MPa (g,i) and electron diffraction pattern from the Z-phase particle (h). Circles in (a), (d) and (g) indicate the 
places, where the electron diffractions were taken from. 
Table 3 
Driving forces for the bulk Z-phase and volume interdiffusion coefficients of Cr 
[59] and V [60] calculated from equations for 0.1% C-9% Cr-1% Mo steels.  
Temperature 873K 923K 948K 
Driving force, J/mol 3179 2448 2073 
Volume interduffusion coefficient of Cr, m2 
⋅s− 1 
7.8⋅10− 20 7.7⋅10− 19 2.2⋅10− 18 
Volume interduffusion coefficient of V, m2 
⋅s− 1 
2.0⋅10− 19 1.1⋅10− 18 6.0⋅10− 18  
Fig. 8. The time dependence of the VX particle size (a) and the Z-phase particle size (b) during creep at 923 K and 948 K. Numbers indicate the coarsening 
rate constant. 
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67–69].  
{100}MX || {100}α-Fe, <001>MX|| <011>α-Fe                                     (10) 
The misfit δ between the Baker–Nutting oriented carbonitrides and 
















) (11)  
where dMX and dα are the interplanar spacing of the particle and ferritic 
matrix, respectively. If a carbonitride exhibits a plate-like shape along 
(001)α broad faces with square-like cross-section its misfit, δ, is ≤ 3% 
that provides coherency of these interfaces with interfacial energy of 
~0.5 J m− 2 [26,68–70]. VX carbonitrides having plate-like shape pre-
cipitate during tempering in this steel [6,34,36,50,51]. For the 9–12% 
Cr steels not containing Co, the value of the interfacial energy between 
the VX carbonitrides and matrix is reported to be 0.5 J m− 2 [21,32,68, 
69]. An addition of Co to the 9% Cr steels increases the interfacial energy 
between the VX carbonitrides and matrix up to 0.8–0.9 J m− 2 [46]. The 
VX carbonitrides are enriched by Cr, whereas ferrite matrix is enriched 
by Co. Metallic and covalent radii of Cr are slightly higher than V and, 
therefore, dMX parameter tends to increase with increasing Cr content. 
The same situation is observed in the Co-enriched ferrite matrix; 
dα parameter also tends to increase. This leads to increase the misfit (Eq. 
(11)) [69]. As a result, (001)α broad faces loss coherency and spher-
oidization takes place resulting in VX carbonitrides with round shape 
and average dimension of 50 nm [6,50,51]. MX carbonitrides exhibiting 
round shape have incoherent interfaces with interfacial energy ranging 
from 0.8 to 1.0 J m− 2 in dependence on chemical composition [26,32, 
46,67–69]. 
Coarsening behavior of these carbonitrides is well-described by 
interfacial energy of 0.8–0.85 J m− 2 for both temperatures (Fig. 9). It 
seems that the increase in the interfacial energy up to 0.805–0.830 J m− 2 
facilitates the Z-phase formation that leads to the appearance of the first 
Z-phase particles already after 4869 h of creep at 923 K and 773 h at 948 
K (Figs. 2, 3 and 7) instead of more than 10 000 h for the Co-free P91 and 
P92 steels [16,19,21,25,29–31,47]. Moreover, creep at 948 K provides 
the increase in the interfacial energy of the VX carbonitrides from 0.805 
to 0.830 J m− 2 after 2000 h of test (Fig. 9b) that is accompanied by the 
predominance of the first mechanism of the Z-phase formation during 
creep at 948 K after 2000 h. 
The interfacial energy between the Z-phase and matrix is associated 
with the nucleation mechanism (Fig. 10). The values of the interfacial 
energy for the “hybrid” Z-phase particles are 0.555 and 0.582 J m− 2 for 
948K and 923 K, respectively (Fig. 10). Therefore, interfacial energy of 
“hybrid” particles is slightly higher than that of Z-phase nucleated as 
cubic phase with coherent interfaces on the VX/ferrite interfaces. 
Coarsening behavior is well described by low value of the interfacial 
energy of 0.4 J m− 2 for cubic Z-phase at 948 K (Fig. 10b). This value of 
interfacial energy is typical for semi-coherent interfaces of nitrides [68, 
69]. Lower interfacial energy of cubic Z-phase nucleated on VX/ferrite 
interfaces is responsible for their high resistance to coarsening in 
accordance with Gibbs-Thomson schema and dominance of second 
nucleation mechanism, since the low formation energy for the tetrag-
onal Z-phase is not sufficient for nucleation of this phase with high en-
ergy incoherent interfaces [29,58]. This contradicts the work [37] in 
which it was reported that the combination of two mechanisms caused 
an avalanche-like growth of the Z-phase particles. On the other hand, 
non-typical behavior of the Z-phase precipitation has been observed 
during creep at 948 K, at which the amount of Z-phase does not increase 
with increasing creep time, wherein the average particle size of this 
phase strongly increases. 
4.4. Z-phase formation and creep behavior 
The increase in creep temperature induced the significant Z-phase 
formation causing the nucleation of this phase for shorter times in the 
9% Cr–3% Co steel (Fig. 2). As mentioned in Ref. [16–19,22,31,35,36], 
the Z-phase particle coarsening up to 1 μm and full dissolution of MX 
carbonitrides were called as the major reasons for the creep strength 
breakdown appearance on the Stress vs. Time to rupture dependence 
shown in Fig. 1a for the 11–12% Cr steels. The slopes of the curves 
shown in Fig. 1a for the region of short-term and long-term creep were 
the same for both temperatures of 923 and 948 K. This indicates the 
similar reasons for the creep strength breakdown appearance at both 
temperatures. We reported previously [6,34,50] that both nucleation 
and coarsening of the Z-phase cannot be the key changes caused such a 
strong deterioration in the creep strength properties at 923 K, since the 
significant Z-phase coarsening was observed at times longer than time 
when the creep strength breakdown occurred [34]. The transformation 
of tempered martensite lath structure into the subgrain structure 
together with the coarsening of grain boundary particles may be crucial 
reasons for drop in the creep strength in the 9% Cr steels [6,44,45]. The 
formation of Z-phase is accompanying process of microstructural evo-
lution [37]. The appearance of the fine Z-phase particles with sizes 
compared with the VX carbonitrides, as shown in Fig. 3(a,c) and 7 (a-f), 
should not initiate the degradation of the creep strength because the 
precipitation strengthening due to the fine Z-phase and VX particles had 
to be the same [30,31,41,49]. 
K. Sawada et al. supposed [16,18,19] that the increase in the Z-phase 
number increases the slope of curve of Stress vs. Time to rupture in the 
region of long-term creep. In the present work, the slopes of curves of 
Stress vs. Time to rupture (Fig. 1a) were independent of the Z-phase 
numbers: the slopes were the same for both 923 and 948 K, but the 
Z-phase number is significantly higher after creep at 923 K. At both 
creep temperatures, the significant amount of the VX carbonitrides re-
tains in the structure that provides the same slope of the curves in the 
region of long-term creep. However, at 948K, the evolution of a 
Fig. 9. The time dependence of the VX particle size during creep at 923 K (a) and 948 K (b). Circle and triangle down points are the experimental data for the steel 
studied; solid lines are calculated curves obtained by Prisma-software for the model steel. Numbers indicate the values of the interfacial energy of particle/matrix. 
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dispersion of MX carbonitrides is responsible for strong correlation be-
tween the creep strength breakdown and the power-law creep break-
down when the stress exponent, n*, drastically changes from 15 to 5.5. It 
means that threshold stress essentially exerted by a dispersion of MX 
carbonitrides disappears [12] because of extensive growth of VX car-
bonitrides. Precipitation sequence (5) plays a minor role in the 
power-law creep breakdown. The dominant processes under tertiary 
creep are the coarsening of Z-phase at 923 K and Cr-rich VX particles at 
948K (Fig. 8). Thus, at 948 K, the coarsening of Cr-rich VX particles is 
responsible for steady-state creep behavior typical for hot deformation 
[52,53]. 
The replacement of the VX carbonitrides by the Z-phase particles did 
not affect the slope of the curves in the creep acceleration region (dlnε̇/
dε), as the applied stress decreased from 120 MPa to 100 MPa for 923 K 
(Fig. 1e). Moreover, at 948 K, the slope of the curves in the creep ac-
celeration region (dlnε̇/dε) decreased as the applied stress decreased 
from 120 MPa to 80 MPa (Fig. 1f). The slope of the curve in the creep 
acceleration region (dlnε̇/dε) is determined by the microstructural 
parameter m, mainly, which shows the degradation of the structure in 
the creep acceleration region (dlnε̇/dε) [54] taking in the account that n 
and i are similar for all applied stresses, at which the Z-phase particles 
have been observed (Table 1). This is a feature for both creep temper-
atures. So, the Z-phase coarsening up to 150–200 nm (Fig. 6) did not 
lead to acceleration of tertiary creep stage at both creep temperatures as 
long as at least 50% of initial number of the VX particles remained in the 
crept structure of the 9% Cr–3% Co steel. 
5. Conclusions  
1) An increase in creep temperature significantly provokes the Z-phase 
formation causing the nucleation of this phase for shorter times in 
the 9% Cr–3% Co steel and providing the change in the nucleation 
mechanism.  
2) The Z-phase precipitation through in situ transformation MX →Z- 
phase with formation of «hybrid » VX + Z-phase particles is observed 
under creep testing at 923 K with rupture time longer than 4500 h 
and at 948 K with rupture time longer than 2000 h. Formation of Z- 
phase is unimportant for the creep strength breakdown at both 
temperatures. However, at 923 K, coarsening of Z-phase accompa-
nied by progressive dissolution of Cr-rich VX carbonitrides occurs 
with a high rate. Z-phase/VX ratio attains 1 : 1 in ruptured samples 
after about 11 000 h of creep at 923 K.  
3) At 948 K, the Z-phase nucleates on the MX/ferrite surface after 773 h 
of creep. This process is accompanied by Ostwald ripening of Cr-rich 
VX carbonitrides. The coarse VX particles are resistant to the MX→ 
cubic Z-phase→ tetragonal Z-phase transformation. Z-phase/VX 
ratio attains 1 : 6 in ruptured samples after about 9000 h of creep. 
The power-low breakdown appearance, when the stress exponent, 
n*, changes from 15 to 5.5, is contributed to the coarsening of Cr-rich 
VX carbonitrides. 
4) The nucleation mechanism determines the interfacial energy be-
tween the Z-phase and matrix. A lower value of the interfacial energy 
was obtained for Z-phase nucleated on the VX/ferrite surface that 
leads to slower growth rate of these particles during creep at 948 K 
compared with 923 K. The coarsening rate constants, Kp, for Z-phase 
particles comprise 3.45 × 10− 28 and 1.01 × 10− 28 m3 s− 1 for 923 K 
and 948 K, respectively. The apparent activation energy for the Z- 
phase precipitation is about 355 kJ mol− 1 that is close to the acti-
vation energy for volume diffusion of chromium in α-Fe.  
5) The precipitation and coarsening of Z-phase particles up to 150–200 
nm does not lead to the creep strength breakdown appearance and 
the acceleration of tertiary creep stage at both creep temperatures as 
long as at least 50% of initial number of the VX particles remains in 
the structure of the 9% Cr–3% Co steel. 
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